Several variants of a nucleic acid binding motif (RRM1) of putative transcription factor hnRNP LL containing nucleobase amino acids at specific positions have been prepared and used to study binding affinity for the BCL2 i-motif DNA. Molecular modeling suggested a number of amino acids in RRM1 likely to be involved in interaction with the i-motif DNA, and His24 and Arg26 were chosen for modification based on their potential ability to interact with G14 of the i-motif DNA. Four nucleobase amino acids were introduced into RRM1 at one or both of positions 24 and 26. The introduction of cytosine nucleobase 2 into position 24 of RRM1 increased the affinity of the modified protein for the i-motif DNA, consistent with the possible Watson-Crick interaction of 2 and G14. In comparison, the introduction of uracil nucleobase 3 had a minimal effect on DNA affinity. Two structurally simplified nucleobase analogues (1 and 4) lacking both the N-1 and the 2-oxo substituents were also introduced in lieu of His24. Again, the RRM1 analogue containing 1 exhibited enhanced affinity for the i-motif DNA, while the protein analogue containing 4 bound less tightly to the DNA substrate. Finally, the modified protein containing 1 in lieu of Arg26 also bound to the i-motif DNA more strongly than the wild-type protein, but a protein containing 1 both at positions 24 and 26 bound to the DNA less strongly than wild type. The results support the idea of using nucleobase amino acids as protein constituents for controlling and enhancing DNAprotein interaction. Finally, modification of the i-motif DNA at G14 diminished RRM1-DNA interaction, as well as the ability of nucleobase amino acid 1 to stabilize RRM1-DNA interaction.
regulation, DNA replication, and repair of DNA damage. DNA interactive proteins include topoisomerases, gyrases, recombinases, transcription factors, and DNA polymerases. Proteins which recognize RNA selectively include aminoacyl-tRNA synthetases, the initiation, elongation, and termination factors which participate in protein translation, ribosomal proteins, RNA polymerases, and proteins involved in RNA splicing complexes. Many of these proteins take part in essential cellular functions, such that modifying their selective targeting could in principle modulate (aberrant) cellular function.
While a number of nucleic acid-protein binding motifs have been documented, including the helix-turn-helix 1 and leucine zipper 2 DNA binding motifs, the de novo design of new/ modified protein motifs to enable selective targeting of predetermined DNA and RNA structures is still quite challenging. As all nucleic acid structures are assembled using only a small number of nucleobases, and only a limited number of base pairing/association schemes are operative, a novel strategy for nucleic acid recognition might involve the use of nucleobases as amino acid side chains, enabling nucleic acid recognition by familiar and well understood interactions such as base pairing and stacking.
Although there is as yet no report of any protein which recognizes a nucleic acid target selectively by employing a nucleobase incorporated within the protein, the basic concept is implicit within a number of related studies involving peptides. Of particular note are the efforts of the Mihara laboratory in preparing a series of peptides containing L-amino-γ-nucleobase butyric acids for the purpose of RNA binding. 3 For the synthesis of larger protein mimetics, peptides containing a nucleobase amino acid were synthesized chemically and condensed by means of native chemical ligation. 3b A number of interesting results were obtained in this study. For example, when three nucleobase acid residues were included within arginine-rich α-helical peptides targeted to a hairpin RNA, the affinities varied with the nature of the nucleobases present. 3a The introduction of nucleobase acids within the dimerization domain of HIV-1 protease enhanced affinity, but lowered the catalytic activity to some extent. 3b The nucleobase amino acids employed for this study are of a type first described by the Diederichsen laboratory 4 for the preparation of nucleobase functionalized peptide nucleic acids 4a and β-peptides. 4b These contain a single methylene group between the nucleobase and α-carbon atom of the derived amino acid, i.e. the same spacing as in the four proteinogenic aromatic amino acids (histidine, phenylalanine, tyrosine, and tryptophan). We have recently described 5 the synthesis of the amino acids corresponding to the five canonical nucleobases in RNA and DNA (uracil, thymine, cytosine, adenine, and guanine), two of which (2 and 3, Figure 1 ) are employed in the present study. While these amino acids were previously incorporated into two proteins, the potentially altered functions of the derived proteins were not explored. 5 Presently, we prepared several constructs of RRM1, one of the nucleic acid recognition motifs of transcription factor hnRNP LL which has recently been shown to bind to the lateral loops of the BCL2 i-motif DNA and to unfold the DNA. 6 We identified His24 of RRM1 as a potential binding partner for G14 of the i-motif DNA and report that the modified RRM1 containing cytosine nucleobase 2 in lieu of His24 binds to the i-motif DNA more strongly than wild-type RRM1, while the introduction of uracil nucleobase 3 produces no increase in binding. We also report the syntheses of two new pyrimidine-like nucleobases (1 and 4, Figure 1 ) which lack both the 2-oxo and N-1 substituents of pyrimidines. In spite of its structural differences from 2, nucleobase 1 seemed to function analogously to 2 in its DNA binding properties when introduced into position 24 of RRM1. As anticipated, nucleobase 4 diminished RRM1-i-motif DNA interaction when introduced into position 24. Also included to facilitate interpretation of the results obtained with the nucleobase amino acids were amino acids p-NH 2 Phe (5), tyrosine (6), and phenylalanine (7), all of which have been incorporated into proteins previously by nonsense codon suppression. 7 The chemical synthesis of derivatives of 1 began from commercially available 5-methyl-2-aminopyridine (8) (Scheme 1). 8a The amino group was oxidized to afford the respective 2-nitropyridine (9) in 60% yield, the latter of which was treated with N-bromosuccinimide 8b in CCl 4 to provide benzylic bromide 10. Regioselective lithiation of the Schöllkopf chiral auxiliary with n-BuLi, 8c followed by admixture with 10, gave 11 which was isolated as a single diastereomer. 8d Mild hydrolysis using 2 N HCl then afforded the α-substituted amino acid methyl ester 12 in 84% yield. Following hydrogenation of the nitro group over Pd/C, and NVOC protection of amino acid 13 as the activated cyanomethyl ester 14, treatment with the dinucleotide pdCpA 9 provided NVOC-1 as its pdCpA ester (15) in 54% yield. The amino-acylated dinucleotide was then ligated to an abbreviated suppressor tRNA transcript (tRNA CUA -C OH ) using T4 RNA ligase, and the NVOC protecting group was removed by photolysis prior to its use for the synthesis of analogues of RRM1. Closely analogous transformations employing synthetic intermediate 12 were used to prepare a suppressor tRNA activated with 4 (SI, Scheme S1).
As a model system for studying the interaction of nucleobase-containing proteins with DNA, we chose the RRM1 from hnRNP LL, which has been expressed in a cell-free system and shown to bind to the lateral loops of the i-motif DNA found in the promoter region of BCL2. 6 Based on an analysis of the likely molecular mode of hnRNP LL-DNA interaction using I-TASSER, 10 DP-bind, 11 and NCBI CDD 12 as well as a knowledge of the important RNA binding roles of the invariant residues His105 and Arg107 in the closely related protein hnRNP L, 13, 14 we chose the analogous residues (His24 and Arg26) in RRM1 for modification. The structures of the i-motif DNA and RRM1 are shown in Figure 2 .
Three RRM1 constructs were made, enabling the introduction of different nucleobase amino acids in lieu of His24 or Arg26, or at both of these positions. The yields of modified RRM1s obtained using a suppressor tRNA activated with 1, 2, or 3 were studied ( Figure S2A ). The suppression yield of modified RRM1 containing 1 at position 24 was ∼3-fold greater than that for 2 or 3 (71% vs 23 and 24%). Also studied were the efficiencies of incorporation of 1 into positions 24 (55%) and 26 (54%), and into both positions (6%) ( Figure S2B ). While the yield of the modified RRM1 containing two amino acid 1 residues was lower as anticipated, it was still sufficient to provide material enabling biochemical studies, a critical finding since the implementation of a strategy to use nucleobase side chains in proteins to achieve selective nucleic acid recognition will clearly require the use of two or more closely spaced nucleobase amino acids. Also prepared to aid in interpretation of i-motif DNA binding studies were RRM1s containing nucleobase amino acid 4, 16 Binding of the BCL2 i-motif DNA to each of the RRM1s was studied using an electrophoretic mobility shift assay (EMSA). 17, 18 The results are shown in Table 1 and SI, Figure S8A . The RRM1s containing amino acid 1 at position 24 (BC 50 53 ± 12 nM) or 26 (BC 50 63 ± 11 nM) exhibited increased affinity for the BCL2 i-motif DNA relative to wildtype RRM1 (BC 50 96 ± 13 nM). Thus, replacement of either His24 or Arg26 by 1 resulted in energetically improved contacts with the target DNA, relative to the native amino acids. The selective nature of the interactions with i-motif DNA mediated by 1 at position 24 or 26 can be appreciated from the observation that the simultaneous introduction of 1 into both positions substantially diminished RRM1-DNA affinity (BC 50 130 ± 28 nM).
Analysis of two other mutant proteins RRM1 2-24 and RRM1 3-24, having cytosine and uracil-based amino acids in position 24, prepared analogously ( Figure S4B ), provides mechanistic insights (Table 2 , SI, Figure S8B ). The presence of cytosine nucleobase 2 at RRM1 position 24 also increased DNA affinity relative to wild type (BC 50 54 ± 11 nM), providing affinity similar to that of RRM1 containing 1 at position 24, while RRM1 having uracil nucleobase 3 at that position had an affinity comparable to that of wild-type RRM1 (BC 50 82 ± 16 vs 80 ± 10 nM). While not definitive, the foregoing observations are consistent with the thesis that H-bonding interactions between the nucleobase moieties of amino acids 1-3 and the nucleobase of G14 play a key role in enhanced DNA binding of the modified RRM1s. While the enhanced binding of RRM1 containing 1 would be consistent with the formation of Watson-Crick-like H-bonds between 1 and G14, one might have expected a diminution of RRM1-DNA binding for the RRM1 containing 3. Plausibly, the RRM1 containing 3 may bind to G14 via a wobble-type interaction (SI, Figure S9 ). 19 Less surprising was the finding that an RRM1 having nucleobase amino acid 4 at position 24 exhibited greatly diminished DNA affinity (BC 50 110 ± 10 nM) ( Table 2 ). This seems consistent with what might have been expected from the introduction of a nitro substituent.
Also studied were RRM1 analogues having p-NH 2 Phe (5), Tyr (6), or Phe (7) at position 24 (Table 2 and SI, Figure 8C ). RRM1 containing 5 had a BC 50 value of 92 ± 9 nM. This loss of affinity relative to the RRM1 containing 1 at position 24 (BC 50 53 ± 12 nM) argues that the ring N atom is an H-bond acceptor and suggests that enhanced binding in this system is not due to base stacking. The lesser affinity of RRM1 6-24 Arg (BC 50 141 ± 5 nM) reinforces the role of the exocyclic N atom in 1 as a source of enhanced affinity, logically through H-bonding. Introduction of Phe into RRM1 7-24 Arg26 further reduced DNA binding.
We also studied the effect of altering the i-motif DNA binding partner for RRM1. The binding interaction involves the lateral loops of the i-motif, where G14 is located. 6 Replacement of G14 with A14 diminished RRM1 affinity for the i-motif (Table 3) .
Interestingly, while the introduction of 1 at position 24 or 26 resulted in stronger binding of RRM1 to the modified i-motif, the improvement in affinity was much less pronounced than that for the native i-motif DNA sequence (Table 3 , SI, Figure S10 ).
We have used computational docking to attempt to understand the molecular basis for the observation that introduction of nucleobase 1 into position 24 or 26 of RRM1 enhanced DNA binding but the presence of 1 in both positions significantly diminished binding. Figure 3A shows one of the most energetically favorable docked structures. The Arg26 guanidine moiety is within H-bonding distance to O 6 and N 2 of G14 of the i-motif DNA (as well as O 2 of C-13), while the His24 imidazole N is more than 7 Å from all DNA bases (and ∼8 Å from N 2 of G14). Another very favorable docked structure is shown in Figure 3B . The His24 imidazole N is ∼4 Å from O 6 of G14, while Arg26 has been displaced close to the DNA backbone. Thus, in these energetically favorable models, either His24 or Arg26 (but not necessarily both) can be H-bonded to G14. This is consistent with the experimental observations noted in Table 1 .
It seems logical to anticipate that optimizing selective protein-nucleic acid interactions will require the use of multiple nucleobase amino acids in a single protein. In this regard a few observations seem worthy of note. First, because modified nucleobase amino acids such as 1 and 4 16 appear to be incorporated with greater efficiency than "canonical" nucleobase amino acids such as 2 and 3, once fully optimized they should facilitate the introduction of multiple nucleobase amino acids into a protein. Second, our recent development of modified ribosomes capable of incorporating dipeptides into proteins 22 may enable the introduction of two contiguous nucleobase amino acids in a single ribosomal event. The finding ( Table 1) that incorporation of amino acid 1 into both positions 24 and 26 of RRM1 substantially reduced the affinity of this protein for the i-motif (BC 50 130 ± 28 vs 96 ± 13 nM), as compared with the increases in affinity observed following either of the same substitutions made singly, indicates that developing nucleic acid binding proteins that function with favorable affinity and selectivity will demand creative new strategies, and that the full repertoire of interactions noted for nucleic acid interactions, including stacking, van der Waals, and electrostatic interactions, may find utility in addition to the H-bonding putatively involved in the current study. Finally, while the increases in protein affinity observed in this study were not large, they may be sufficient in many cases to alter the specificity for their nucleic acid target. The introduction of multiple nucleobase amino acids into a protein should also have that effect. Presumably, increasing affinity would at some point negatively impact biological function. Nucleobase amino acids (1-4), and amino acids (5-7), prepared and used to activate a suppressor tRNA CUA and incorporated into RRM1 via in vitro ribosomal synthesis. Computationally docked models showing the binding of RRM1 to the i-motif DNA via His24 and Arg26 interaction. The modeling was done using SWISS-MODEL 20 homology modeling (A), and HADDOCK 21 web server was used for data-driven docking (B). A scoring algorithm used factors such as backbone flexibility, surface residues, and specific amino acids to score the docked structures. The structure shown is a high scoring model illustrating the potential distance between His24 and G14.
